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Introduction
north of the DJX-pit (GW2) is labeled as MNW6210G (17 m deep, N 58.3709°, W 109.5494°) and the 147 well west of the DJX-pit (GW3) is labeled as HYD9846AG (4 m deep, N 58.3675°, W 109.5489°). 148
Three well volumes were pumped to adequately purge the well before sampling (Vail, 2013) . 149
Water chemistry

150
The unfiltered and unacidified water samples were analyzed for total carbon (TC), total inorganic 151 carbon (TIC), and total nitrogen (TN) using a Shimadzu TOCV-N CHS/SCN Model Total Organic 152
Carbon Analyzer with potassium nitrate and potassium hydrogen phthalate as calibration standards, 153 and potassium acid phthalate certified reference material for quality control (detection limit: 0.1 ppm). 154
Total organic carbon (TOC) was calculated by determining the difference between TC and TIC. Splits 155 of the same samples were filtered (0.45 µm) for anion analysis by ion chromatography using a DX 600 156 (Dionex) with a 4 mm analytical column AS9-HC and a guard column AG9-HC (detection limit: 0.2-157
ppm). Filtered and acidified water samples were analyzed with an Inductively Coupled Plasma 158
Mass Spectrometer (ICP-MS/MS) Triple Quadrupole system (Agilent Technologies 8800). Single-159 element standards (Spex CertiPrep, Ricca Chemical Company) were diluted in 2% HNO 3 (trace metal 160 grade, Fisher Scientific) and 0.5% HCl (trace metal grade, Fisher Scientific), and used for external 161 calibration. See Table S2 (SI) for all used analyte masses and MS/MS modes. 162
Speciation of metals and metalloids
163
Selected samples (filtered, preserved in 1 M HCl) from both pits were subjected to a standard ferrozine 164 assay based on the methods of Stookey (1970) , Viollier et al. (2000) , and Porsch and Kappler (2011) , 165 in order to determine iron speciation. Total Fe-content was determined by adding 400 µL of 166 hydroxylamine hydrochloride (10% in 1M HCl) to 100 µL of each sample (preserved in 1 M HCl), 167 which were left for 30 min in the dark. 500 µL of ferrozine (0.1% in 50% ammonium acetate) were 168 added, followed by another 5 min incubation in the dark. Fe(II) concentrations were determined by 169 adding 400 µL of 1M HCl to 100 µL of each sample, followed by 500 µL of ferrozine. After 5 min of 170 incubation time in the dark, the samples were analyzed on the spectrophotometer. The ferrozine 171 complex was quantified spectrophotometrically at 562 nm using an Evolution 60S UV-Vis 172 Spectrophotometer (Thermo Scientific). Calibration curves for total Fe and Fe(II) (0 to 1000 µM) were 173 generated using (NH 4 ) 2 Fe(SO 4 ) 2 •6H 2 O in 1M HCl, and confirmed by ICP-MS/MS. 174
Filtered and acidified samples were analyzed using a high performance ion chromatograph (IC; 175
Thermo Scientific Dionex ICS-5000 + ) paired with a quadrupole inductively coupled plasma mass 176 spectrometer (iCAP Q ICP-MS, Thermo Scientific) operated in kinetic energy discrimination mode 177 with helium as the collision gas. Arsenic species were separated using a Dionex Ion Pac AS7 anion 178 exchange column (4 mm ID x 250 mm length) and AG7 guard column (4 mm ID x 50 mm length), 179 with dilute HNO 3 as the mobile phase. Samples were also analyzed for total concentrations of trace 180 metals using an iCAP Q ICP-MS. More detailed method information can be found in Donner et al. 181 (2017) . Thermodynamic modeling of metal speciation was conducted using the PHREEQC 3. concentrations (in mol/L), pH, and oxidation-reduction potential (ORP) values were used (see Table  185 S11 for more details). 186
Asymmetrical flow field-flow fractionation
187
Filtered water samples collected for colloidal analysis were analyzed for the distribution of metals in 188 the dissolved and colloidal (oxyhydroxides and organic matter) fractions. The analysis was completed 189 using asymmetrical flow field-flow fractionation (AF4) equipped with an auto injector (AF200 and 190 PN5300, respectively, Postnova Analytics), coupled to a UV-Visible absorbance detector (G4212 191 DAD, Agilent Technologies) and a quadrupole inductively-coupled mass spectrometer (iCAP Q ICP-192 MS; Thermo Scientific). The AF4 fractionation procedure is described elsewhere (Guéguen and Cuss, 193 2011) . Ultrapure water and HCl were used to adjust the pH and conductivity of the ultrapure 194 ammonium carbonate carrier fluid buffer (Sigma-Aldrich) in order to match the properties of the 195 analyzed samples. Specifically, these adjustments were pH 7 and a conductivity of 300 μS/cm for D-pit 196 and DJX-pit surface samples, and pH 6 and 1500 μS/cm for DJX-pit deep water samples based on 197 Neubauer et al. (2013) . The areas of the free, organic matter-associated, and oxyhydroxide-associated 198 peaks were determined using statistical deconvolution as described in Cuss and Guéguen (2012) . 199
16S-rRNA gene profiling
200
Prokaryotic diversity in the pit lakes was determined using 16S rRNA gene sequencing on selected 201 unfiltered water samples from September 2015. DNA was extracted from the water samples using the 202
PowerWater DNA Isolation Kit (Mobio). Fifteen mL of each water sample was filtered through 0.2 µm 203 membranes using a vacuum unit and the membranes were processed according to kit instructions. depth a pH decrease from pH 7.3 to 6.2 was recorded. The dissolved oxygen concentrations in D-pit 217 increased slightly within the first 2 m, decreased rapidly between 2-5 m, and then continued to 218 decrease at a less rapid rate between 5-10 m. Corresponding to the oxygen curve, the ORP dropped 219 from +200 mV (oxic conditions) to -300 mV (reducing conditions) between 12-20 m of depth. In this 220 case, the upper 15 m can be referred to as mixolimnion, which by definition is affected by seasonal 221 mixing. 222
The DJX-pit showed a thermocline between 0-10 m in all data sets (Figure 3, right column) . In June 223 2016, the depth of the thermocline was similar to September 2015, but was associated with a stronger 224 temperature gradient. Across all data sets, four haloclines were identified around the following depths: 225 5 m, 17 m, 55 m, and 65 m. The halocline at 5 m depth was closely associated with an increase in 226 oxygen (e.g., up to 11.6 mg/L in June 2016), likely due to primary production, which was followed by 227 an oxygen decline to 20 m (as low as 4.4 mg/L) and a more moderate decline to the bottom (<0.9 228 mg/L). The pH was generally lower than in D-pit and decreased from pH 7.5 at 5 m depth to pH 5. 
Distribution of metals and ligands
234
In the D-pit, total carbon was 22 ppm at the surface, rising to 47 ppm at 17 m (Figure 4 , left column 235 and Table S7 ). It was dominated by inorganic species; organic carbon remained between 4-13 ppm. No 236 phosphate was detected in D-pit, likely due to precipitation with Fe (Jaeger, 1994) . Sulfate was 237 detectable above 13 m, coinciding with the depth of the halocline and the change of the ORP from 238 positive to negative. Below this depth, no SO 4 2-or NO 3 -could be detected, however, N was present, 239
indicating that more reduced nitrogen species are present. The reduction of SO 4 2-can result in the 240 precipitation of iron sulfide phases with low solubility, forming in the presence of Fe 2+ and the 241 negative ORP below the chemocline (Sobolewski, 1999) . In the D-pit, concentrations of B, Na, Mg, K, 242 Ca, Mn, and Fe increased with depth (Table S5 and (Table S5) . 255
In the DJX-pit, total carbon ranged from 5.4-13.8 mg/L (Figure 4 , right column and Table S8 ). In general, the DJX-pit metal concentration profiles indicate that stratification is an important 269 control for metal distribution. A slight decrease was observed in the concentrations of U, Ni, and Zn 270 (also Cu, as shown in Table S6 ), which could indicate the beginning of the development of an anoxic 271 zone below 82 m, where those metals might be precipitating as sulfides. Supporting this conclusion are 272 the trace amounts of As at 80 m depth, which are nearly double those at the surface of the DJX-pit 273 (Table S12 ). The lower chemocline (65 m) was sharp, and was well developed for most metals in the 274 DJX-pit (exceptions: Li, Al, and Si). This lower zone could be due to remnant mine water from the 275 time when the pit was used for temporary mine water storage prior to being flooded with freshwater 276 from Cluff Lake. Arsenic and Fe concentrations were low (<2 ppb and <28 ppb, respectively) 277 throughout the water column. Results for DJX-pit obtained in September 2015 indicated higher Fe 278 concentrations (4.6 ppm at 70 m, see Table S3) relation to the pit water samples is shown in Figure S6 . The well GW1, close to D-pit, was rich in Na 285 (2.2 ppm), Mg (7.2 ppm), and Ca (11.4 ppm), while the Fe concentration was only 0.5 ppm. Well 286 GW2, located at the northern end of DJX-pit, was rich in Na (125.9 ppm), Mg (49.5 ppm), K (12.5 287 ppm), and Ca (155.4 ppm), and had higher concentrations of Fe and Br compared to the pit water. 288 GW3 had, in general, lower metal concentrations. 289
The relative abundance of Al, Fe, As, and Ni in the water columns of the two pits match well with 290 the concentrations found in the adjacent rock samples (SI, Section 3 and Table S14 ). Rock samples and 291 the water in DJX-pit had high concentrations of Al and Ni, while D-pit rock samples and water were 292 more enriched in Fe and As. Some elements, however, showed opposite trends, such as Zn, Mn, and U. 293
Speciation of metals
294
In D-pit, Fe(II) concentrations increased with depth, with 78-80% of total Fe as Fe(II) in deeper water 295 layers ( Table 1) . The results for D-pit demonstrate that there is a distinct shift in Fe speciation towards 296 Fe(II) species below the depth where the ORP switches from positive to negative near 12 m. The 297 groundwater close to D-pit (GW1) was dominated by Fe(III), with only 31% Fe(II). In DJX-pit, neither 298 Fe(II) nor total Fe were detected by the ferrozine method, and only traces of Fe could be found using 299 ICP-MS/MS. Water in well GW3, located west of the DJX-pit, also had no detectable Fe. 300 IC-ICP-MS for D-pit samples showed the abundance of As(III) and As(V). In general, the sum of 301 As(III) and As(V) were close to the total As concentration at each depth (Table 2) . A marked shift in 302
As speciation was observed between depths of 10 m to 13 m. The high concentrations of As in the D-303 pit below the chemocline are the result of the reducing conditions in the monimolimnion, which not 304 only promote the reduction of Fe(III) but also the reduction and release of any bound As(V) species to 305 the more mobile As(III) form. Arsenic speciation determination was problematic in the DJX-pit due to 306 the presence of unknown As species and their co-elution with known peaks at determined retention 307 times. 308
Thermodynamic modeling with PHREEQC showed a charge balance difference of >10% close to 309 the D-pit chemocline and below (Table S11), indicating that not all charge bearing components were 310 fully identified and modeled. For example, colloid-bound metals and organometallic species might 311 have a strong influence due to their abundance and high surface charge. As shown in Table 3 , the 312 model predicted the dominant U(VI) species to be UO 2 (CO 3 ) 2 2-and UO 2 CO 3 0 for the top 10 meters of 313 each pit. In D-pit, at the chemocline and at 20 m depth, U(OH) 5 -was expected to dominate, whereas in 314 the DJX-pit, UO 2 CO 3 0 , UO 2 2+ , and UO 2 SO 4 0 were predicted to become the dominant species in deeper 315 layers. In the D-pit, the saturation index was positive for U 4 O 9 , UO 2 , and USiO 4 at and below the 316 chemocline. In the DJX-pit, U 3 O 8 and U 4 O 9 were saturated at 80 m depth. Precipitation of U(IV) 317 species may explain the observed concentration drops in the D-pit of U and Si below 13 m depth 318 (Table S5 ). Compared to IC-ICP-MS results, As(V) species were overestimated for the D-pit surface 319 water and underestimated for the deeper water layers. On the other hand, As(III) species were 320 underestimated by the calculations above the chemocline at 13 m depth. HAsO 4 2-and H 2 AsO 4 -were 321 calculated to be the dominant As species in the DJX-pit at all depths. Nickel was predicted to be 322 predominately NiCO 3 0 in the D-pit (up to 96%) and Ni 2+ in the DJX-pit (up to 80%), but in the DJX-323 pit, due to high SO 4 2-concentrations, NiSO 4 0 (up to 28%) was also predicted. 324
Colloidal metal fractions
325
Colloidal fraction analyses for D-pit indicated high variability with depth with regards to the 326 distribution of metals between free ions, dissolved organic matter (DOM) and oxyhydroxide fractions 327 (Tables S9 and S10 ). For most of the metals investigated, the free ion phase was the dominant species. 328
An exception was Al, which was predominantly in the DOM and oxyhydroxides size fractions, which 329 may indicate the presence of colloidal aluminosilicates (Filella, 2006) in the D-pit water column, however, up to 34% of Ni in the mixolimnion, and all Ni found at 20 m 341 depth was in colloidal form (DOM). For As in the D-pit, the oxyhydroxide size fraction played an 342 important role, hosting up to 42% of the total As in the oxic water layers. Below the chemocline 343 (13 m) As was mostly found as a free ion, suggesting that in contrast to U, As was not binding to 344 reduced particulate organic matter. 345
In the DJX-pit, colloidal U (associated with oxyhydroxides) was only relevant in the samples below 346 the upper chemocline (>30 m) where it contributed approximately 16% of total U. The same colloidal 347 material also carried minor amounts of Al (0.9-1.8 ppb), but no Fe or Mn (Table S10) 
Microbial communities
363
The relative distribution of phylogenetic classes, as determined by 16S rRNA gene sequencing, 364 revealed a high microbial diversity within the two pit lakes ( Figure S8) . Qualitatively, the classes with 365 the highest representation in the water column were Alphaproteobacteria, Betaproteobacteria, 366
Gammaproteobacteria, Actinobacteria, and Flavobacteria. Metal reduction studies in groundwater have 367 suggested that Actinobacteria are most active at circumneutral pH and when NO 3 -is absent (Williams 368 et al., 2013) , which was the case for the two pit lakes. In the D-pit, the classes Acidobacteria, 369
Holophagae, and Acidimicrobia were found in greater abundance than in the DJX-pit, whereas the 370 latter showed a higher abundance of Sphingobacteria. The calculated Shannon diversity indices were 371 highest close to the chemoclines in both pits ( Figure S9) . Specifically, the highest indices were found 372 for D-pit at 5 m depth (7. Representatives of the previously described genera Geobacter, Desulfosporosinus, and additionally 415
Alkaliphilus, are all capable of dissimilatory As(V) reduction (Giloteaux et al., 2013) . Microorganisms 416 from these genera were found in both pits, but they were more abundant in the zone close to the 417 chemocline of the D-pit. 418
5 Discussion 419
Geochemical metal cycling
420
In both pit lakes, meromixis influences the cycling of the major contaminants, especially U and As. 421
Both pit lakes had pH >7 at the surface and were likely influenced by photosynthesis and CO 2 422 exchange with the atmosphere that can lead to strong carbonate complexation of U. Due to intrinsic 423 acid generation from the surrounding waste rocks and aerobic respiration of organic materials, the pH 424 causing its concentrations to rise below 13 m depth. Reducing conditions also favored the formation of 441 organic colloids that can contribute to the Ni and As transport ( Figure 5) . 442 Colloids in the D-pit might also contribute to U cycling by scavenging U(VI) from the water 443 column. Indeed, speciation models for the mixolimnion predicted a decrease in negatively charged 444 U(VI) species due the decreasing pH (Table 3) DOM became the dominant U bearing colloidal phase (up to 8% of total U). In the D-pit, the 452 oxyhydoxides also played an important role for As, and hosted up to 42% of the total As in the 453 mixolimnion ( Figure 5) , which was likely due to As co-precipitation onto Fe oxyhydroxide particles 454 (Slowey et al., 2007) . 455
Meromixis in the DJX-pit was predicted by Dessouki et al. (2005) , who performed phosphate 456 fertilization experiments in the pit before it was completely flooded. In the DJX-pit no change in ORP 457 was observed and the pH dropped to 5.5 after the first chemocline (Figure 3) . This pit illustrates a 458 (Tables S6 and S8) , north of the DJX-pit, 485
suggests that higher salinity groundwater is moving from the north towards the DJX-pit. This plume 486 might be partially responsible for the chemocline at 65 m depth, bringing in not only the above 487 mentioned anions and cations, but also Ni and U that had eluted from the waste rock in the backfilled 488 DJN-pit and the adjoining bedrock (Figure 2) . The observation of oxygen in the DJX-pit might be 489 explained by occasional mixing processes. The shallower portion of the pit, over the backfilled DJN, 490 could be cooling faster in the winter causing this oxygenated water to slide down toward deeper layers 491 and leading to episodic deep water renewal, a process previously observed in Lake Malawi (Boehrer 492 and Schultze, 2008) . However, further investigations of the shallower portions of the pit would be 493 needed to refine the understanding this and other potential sources of oxygen in the lower layers of the 494 DJX-pit. 495
The high relative depth of both pit lakes is likely a key contributor to their stable stratification 496 water inputs, and potential changes in groundwater flow. 500
Microbial communities in comparison to acidic pit lakes
501
The overall microbial composition in the Cluff Lake pits was different from previously studied 502 acidic (pH 2.5-4.5) pit lakes, such as Cueva de la Mora and Guadiana in Spain (Falagán et al., 2013 (Falagán et al., , 503 2014 . Bacteria dominant in those two lakes, including Leptospirillum sp., Acidithiobacillus sp., 504
Metallibacterium sp., Thiomonas sp., and Desulfomonile sp., were not detected in the Cluff Lake pits 505 (Appendix 2). Generally, compared to the acidic pit lakes, Acidobacteria and Deltaproteobacteria were 506 less abundant in the Cluff Lake pits ( Figure S8 ). On the other hand, bacteria reported to be related to 507
Desulfosporosinus sp. (see above) were found, and they were more dominant in the pH-neutral D-pit, 508 likely due to the anoxic conditions found there (Falagán et al., 2014) . Relatives of the acidophilic and 509 aerobic bacterium Alicyclobacillus sp. (Chang and Kang, 2004) , which was previously identified in 510 acidic pit lakes (Falagán et al., 2013 (Falagán et al., , 2014 were also found at the chemocline of the D-pit. and Crenarchaeota in the acidic pit lakes. In this study, relatives of Thermoplasmates were identified 513 mostly in the DJX-pit and Thaumarchaeota were only detected in the water column of the D-pit 514 (Appendix 2). Crenarchaeota were not detected in either of the pits. 515
Potential for enhanced remediation
516
The meromictic behavior of the investigated pit-lakes opens potential opportunities by enhancing 517 the use of pit lakes as a remediation strategy by promoting metal precipitation in the monimolimnia 518 as Desulfosporosinus orientis) in the monimolimnion, which would promote the formation of insoluble 527 sulfide minerals, such as NiS, in the DJX-pit. Arsenic sulfides might form and could lead to the 528 coprecipitation of As(III) with ferrous sulfides in the D-pit, as been seen in the Cueva de la Mora pit 529 (Schultze et al., 2016) . Similarly, in the Island Copper Mine pit lake, metal removal from the 530 mixolimnion through the formation of sulfides at the chemocline was found to be an efficient process 531 . 532
The formation of insoluble sulfides might also lead to the development of a significant U sink, as 533 sulfide particles can remove U from the water column though sorption (Wersin et al., 1994 known to increase the bioaccessibility of As, in the long term, precipitates such as orpiment (As 2 S 3 ) 546 and realgar (AsS) might partially remove As from the water column (Appendix 1, SI). 547
Conclusions
548
Our study provides new insights on the geochemical behavior of dissolved and colloidal metals in 549 meromictic pit lakes in a subarctic climate. Meromixis was found to determine the metal distribution, 550 speciation and colloidal formation in the pit lakes at Cluff Lake. The redox state and mineral 551 composition of the bedrocks of the pits have led to the formation of two types of stratification. Strong 552 reducing conditions in the monimolimnion of the D-pit led to increased As concentrations (mostly 553
As(III) species), but did not promote the precipitation of reduced U minerals, likely due to U 554 stabilization by carbonate complexation. The chemocline of this pit is a highly dynamic zone, 555 governed by the cycling of Fe. In contrast, the oxic conditions and high Ca and Mg concentrations in 556 the DJX-pit with a staircase-like stratification, led to low As concentrations in the water column and an 557 accumulation of U and Ni at the pit bottom. In both pits the association of metals with colloidal 558 particles could be observed. Potential U(VI)-reducing microorganisms were mostly found near the 559 chemocline of the D-pit and in deeper layers of the DJX-pit, and some of those microorganisms are 560 known to reduce As(V). Further investigations at the Cluff Lake mine pits should focus on the 561 speciation and size distribution of contaminant bearing colloids, and the U, As, and Ni distribution and 562 speciation in the sediments of the pit lakes. 563 Tables   573  Table 1 geochemical data see Figure S1 and Table S1 (SI). GIS data provided by AREVA. 
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